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Thesis Abstract 
Economy in our society demands for positive profits. We have implemented all the 
aspects of capitalism in nowadays way of life, which stands for hard work, that pays off. 
The idea seems very reasonable, however, it brings a number of environmental concerns to 
the table after being followed for a number of years.  
Today, we are very concerned with the issues of global warming and scarcity of 
clean water sources. One of the contributors to the green house effect is carbon dioxide gas 
emerging from the utilization of oil-based sources of energy. Most of the industries run on 
oil-based derivatives. Most of the chemical industry is based on the oil-based polymers, 
which are not biodegradable or biocompatible. Therefore, discovering alternative 
substitutes for the oil based polymers through biodegradable and biocompatible materials 
are a step in the right direction.  
In this study I have explored the piezoelectric nature of natural biopolymers like 
chitin, collagen and gelatin. Moreover, I have applied three post-processing techniques to 
compare the strength of piezoelectric response in chitin Nano-fibers under different post – 
processing conditions. Using PFM experiment helped reinforce the strength of piezoelectric 
response in chitin aligned and random fibers. Furthermore, this study served as a stepping-
stone for discovery of material tensile properties, and finer mats morphology and fiber 
properties like diameter, porosity and distribution. Comparing material content under 
different post – processing conditions helped reinforce chemical stability and reactivity.   
	  	   xii	  
For the future development this project will be focused on conducting a more 
deliberate study of the tensile properties of the samples. It will also conduct XRD studies, 
which will shed light on the dependence of piezoelectric and tensile properties on the 
crystalline structure of chitin Nano-fibers. Moreover, there is potential for conducting 
porosity experiments. 
As a result of this work, I have gained an in-depth understanding of mechanical 
properties of a wide range of biopolymer fibrous mats and their potential applications. 
Discovery of this scientific avenue is a tremendous potential for a major change in 
industrial vision and industrial material sourcing strategies.  
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1. Introduction 
Mechanical Properties of Electrospun Natural Biopolymer Fibers 
Tatyana Dmitriyevna Huseynova 
       Dr. Caroline L. Schauer 
1.1 Piezoelectricity  
Man’s earliest production of an electrical effect came through the agency of 
mechanical forces. The ancient Greeks knew that a mysterious attractive power was 
exhibited by amber when rubbed. In the years to follow electricity was explored in a 
variety of its manifestations [1]. It had been observed that tourmaline attracted and then 
repelled hot ashes that it was placed into, and the fact became known in Europe in 1703, 
when brought from India by Dutch merchants. In 1747 it was given a scientific name of 
lapis electricus by Linnaeus. Further on, Aepinus established its electrical properties in 
1756, when he noticed different polarities of the material at a raised temperature. 
Coulomb and Hauy explored electrical response of crystals under compression, 
supporting another aspect of piezoelectric theory. However, only in 1880 piezoelectric 
effect was discovered by brothers Curie, who noticed that certain crystals show positive 
and negative charges on their surfaces when compressed in particular directions with 
charges proportional to applied pressure and disappearing after the pressure is withdrawn 
[1].   
Nowadays, the phenomenon of piezoelectricity is explained as linear 
electromechanical coupling. Piezoelectric crystals develop a dipole moment under 
applied stress in the absence of electric field [3, 13]. Under the impact of force the crystal 
exhibits electric charge distribution throughout its structure.  In order to be piezoelectric 
crystals have to accommodate for charge distribution. Crystals with inversion symmetry 
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cannot have charge distribution therefore are not piezoelectric [1]. Piezoelectric materials 
are able to respond to both mechanical and electrical stimuli by producing voltage or 
deforming mechanically with respect to the nature of stimulation [2]. 
Piezoelectric effect has been observed in a number of biological living tissues and 
is related to their structural composition. Some of the examples of the tissues are human 
bone, dentin, tendon and muscles. Collagen is a biopolymer found in human tissues 
exhibiting piezoelectricity. Therefore, piezoelectric effect was prescribed to the fibrous 
structure of collagen [1]. However, piezoelectric effect was also discovered to be present 
in the wings of Greta oto butterfly, a member of Ithomiini tribe [4]. Chitin is the main 
structural component of the butterfly’s wing. Hence, chitin has to be the contributor to the 
piezoelectric effect. 
1.2 Natural Piezoelectric Materials - Bone Tendon Dentin 
Bone is a very important type of body tissue. Bones provide mechanical stability 
to the body; manage weight distribution, mobility and nutrient supply in the blood 
stream. Bones can regenerate, grow and continuously produce new cells. All the 
functionality is directly related to their chemical and structural design. They consist of 
collagen fibers meshed with bone salt, complimentary minerals and water. The bone salt 
is addressed as hydroxyapatite. Hydroxyapatite makes up sixty five percent of the bone 
weight. It has centro – symmetrical hexagonal structure; therefore, its crystals have a 
center of inversion symmetry. It is a major contributor to the toughness of the bone [8]. 
However, its centro – symmetrical structure prevents it from being a contributor to 
piezoelectric properties of the bone. It was proven that piezoelectric effect of the dried 
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bone arises from the collagen fibrils in its structure [12]. Collagen molecules with 
hexagonal crystalline symmetry under uniaxial alignment in one direction exhibit 
piezoelectric response [2]. Piezoelectric response generally shows relaxation 
phenomenon. In case of alternating stress application to a polymer compound, the 
resulting alternating strain resulting from it will lag behind the stress with a certain phase 
angle. The tangent of the phase angle is called the elastic loss tangent.  Similar effect 
arises with the electric field and results in dielectric polarization. In this case the tangent 
between the polarization and the alternating field is the dielectric loss tangent. The lag in 
time between the polarization and the stress results in piezoelectric polymers [3]. Tendon, 
muscle and dentin were also found to be piezoelectric [5,6]. 
1.3 Piezoelectric Properties in Biopolymers – Butterfly wings 
Understanding of mechanical and electrical interactions which lead to 
electromechanical coupling on molecular, cellular and tissue levels became the main 
motivations in studying piezoelectric effect in biological systems [4]. The studies 
completed for inorganic compounds are generally based on single crystal properties, 
which can be scaled up to continuous structures. However, for the organic materials with 
complex hierarchical structures mechanical and electromechanical properties have to be 
tested on different scales to predict the expected behavior. Hence, revelation of local 
molecular orientation, tensile and piezoelectric properties on molecular level is key to 
understanding growth and regeneration principles of biological tissue. Previously, small 
angle X-ray microscopy, electron microscopy, destructive Nano – indentation, and 
piezoelectric force microscopy were used to characterize the sub 100nm properties of 
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biological system structures [5]. The studies were completed on Vanessa virginiensis 
(American Lady), which were using Piezoelectric Force Microscopy (PFM) in contact 
mode [6]. According to the previous work the mechanical properties originate from 
biological composite structure of piezoelectric chitin rods embedded in a protein matrix 
[7]. The study established an effective piezoelectric constant, which is position dependent 
and is determined by direction of the surface elecromechanical response vector [4]. The 
symmetry of piezoelectric tensor is closely related to the material structure and also 
determinant of the surface geometry. After the chitin matrix was found to exhibit 
piezoelectric properties, Greta oto butterfly was studied for a similar phenomenon.  
The Greta oto butterfly is one of the insect species from Ithomiini tribe that has 
transparent wings [4]. Its wing structure and appearance evoke interest due to its 
transparency and rigidity. It is transparent due to a number of protrusions going through 
the wing structure and serving for adjustment of refractive indices between the air and the 
thickness of the wing. Greta oto butterfly wing was studied for the presence of 
piezoelectric response. Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) techniques were used to explore the topographic nature. Fourier 
Transform Spectroscopy (FTRI) and X-ray diffraction were used to study chemical 
composition. Vector PFM was used to look at the piezoelectric response [4,7]. The 
material was indeed found to be piezoelectric [3]. However, the reason behind that 
property was not in the scope of the study. Knowing the nature of piezoelectricity, there 
has to be applied pressure on the material for it to respond with charge distribution. 
However, in butterfly wings there is no directly applied pressure except for the pressure 
of the atmospheric environment. 
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1.4 Goals and Applications 
Commencing in 1950’s we started seeing effort in finding alternative solutions to 
processing abundance of shellfish waste coming from seafood industry. These efforts 
created demand in bio – waste processing research, which lead to development of natural 
biopolymers. Shigehiro Hirano became a pioneer in chitin research in early 1960’s. As a 
result a deeper understanding of chitin technology in science was developed. Since then 
chitin has been used for multiple different applications. Currently it found its use in water 
treatment, serving as a coagulant/flocculent as well as water recovery material for filters. 
Moreover, it has been widely used in agricultural applications, textile and paper, 
biotechnology, food and health supplements, cosmetics and biomedical technologies. 
Natural polymers represent a group of materials, which are abundant in nature or 
can be easily extracted from living organisms [9]. Chitin, gelatin and collagen are good 
examples of natural polymers also referred to as biopolymers [7]. Biopolymers are 
widely used in development of new biomedical materials for tissue engineering and drug 
delivery [9]. However, a number of currently existing materials utilized for 
bioengineering are not necessarily easily biocompatible and biodegradable. Therefore, 
one of the aspects of the tissue engineering industry is focused on developing 
biocompatible and biodegradable materials by resembling designs from nature, also 
referred to as biomimicry [11]. Biomimicry stands for imitation of life or nature and is an 
ultimate example of nature-engineered organisms and tissues, which maybe used for new 
ideas and studies in tissue engineering. On this note, discovering that piezoelectric 
materials are embedded in multiple tissues of living organism leads us to a thought of 
using piezoelectric materials for the future tissue engineering applications. Taking a 
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closer look at electrospun chitin, which is biodegradable and biocompatible natural 
polymer, discloses a great area available for biomedical engineering applications [10]. 
Therefore, it is important to determine piezoelectric, tensile, chemical and topological 
properties of electrospun chitin and determine its interchangeability with collagen and 
gelatin. Fibrous chitin mats may have wide spectrum of application in biological 
scaffolding and tissue engineering. 
2. Background 
2.1 Polysaccarides 
Chitin and chitosan are typical marine polysaccharides, which are also vastly 
available from biomass resources. Chitin occurs in nature as ordered nanofibers and is a 
major structural component in shrimp shells, exoskeleton of crabs and insect cuticles. Its 
popularity in the research field is attributed to the physiochemical properties as well as 
biocompatibility and biodegradability in nature [8]. Three polymorphic forms of chitin 
are known: α-, β- and γ-chitin in regard to the arrangement of chains in the crystalline 
regions differentiating the networks of hydrogen bonds [9]. Chitin α- and β- polymorphs 
are most abundant in nature. Chitin is promising in a number of biomedical applications 
including wound dressing, tissue engineering, micro-needles for diagnostics and 
biocompatible electronic devices [10]. 
Chitin poly (b-(1-4)-N-acetyl-D-glucosamine) is a natural polymorphic form of 
chitin, which was first identified in 1884. Due to its chemical structure chitin is insoluble 
in common solvents and solutions. The content of acetyl groups in the structure of chitin 
is responsible for its reactivity and solubility. It is also known as DA or Degree of 
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Acetylation [9].  Chitin has a carbon backbone with acetamido and carboxyl groups intact 
[11]. 
Chitin is represented by a carbon backbone with amide and carboxyl groups. 
Chitin has low solubility, however, it is soluble in solvents like dimethyl acetamide with 
5w/v% LiCl, methanol saturated with calcium chloride dehydrate and HFIP [12]. The 
latter one is used as solvent in this study.  
2.2 Solvent – 1,1,1,3,3,3 – hexafluoro – 2 – propanol (HFIP) 
HFIP was previously used as a solvent for electrospining of chitin fibrous mats. 
Chitin is soluble in HFIP because of the fluorinated carbons, which substitute the OH- 
leaving group on the carboxyl group of chitin’s backbone. Large electronegativity of the 
fluorine results in greater interactions between the fluorinated hydrogen in the solvent 
with the oxygen in chitin [13], [14]. 
2.3 Ethanol 
Ethanol is a monohydric primary alcohol. It is widely used in multiple 
manufacturing processes, including but not limited to manufacturing of varnishes and 
perfumes, preservation of biological specimen, preparation of essences and flavorings, as 
well as production of medicine and fuel additives [15].  
In this study ethanol is used as a solvent for HAP. The fibrous mats of chitin spun 
with HFIP in both parallel and random alignments were immersed in the solutions of 
ethanol and HAP at different concentrations. HAP particles crystalized onto the chitin 
fibers after all of the ethanol had evaporated. The solutions of different concentrations 
were expected to contribute to the tensile, piezoelectric, and morphological properties of 
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the samples. Due to the structure of HAP, the fibers with the smallest concentration of 
HAP were expected to have the weakest piezoelectric response. 
2.4 Hydroxyapatite (HAP) 
The apatite-type structure is adopted by a number of minerals and inorganic 
compounds with a general formula of (A1)4 (A2)6 (BO4)6 X2 and is of ceramic nature. The 
A groups can be large cations like Ba2+, Ca2+, Na2+, and B groups are metals or metalloid 
elements which form a strongly bonded oxy-complexes like PO43-, AsO43-, VO43-, SO42-, 
and X groups can be halides, oxyanions, or small polar molecules like OH-, F-, Cl-, Br-, 
etc. The most common apatite minerals are calcium orthophosphates and hydroxyapatite 
is one of them represented by the formula Ca10(PO4)6(OH)2. The minerals of the apatite-
type groups all have hexagonal/monoclinic crystal symmetry and their unit – cell 
parameters vary with composition.  
The apatite-type structure can accommodate for a wide variety of chemistries and 
substitutions because the strongly bonded subgroups are not polymerized in its structure. 
The components can be readily displaced both locally and on the lattice scale. The 
displacements can be spatial as well as rotational. 
Hydroxyapatite is a major component of bone tissue contributing to the structure, 
toughness as well as brittleness of the bone. Hydroxyapatite in the bone is generally 
referred to as “Ca-deficient carbonated hydroxyapatite” because naturally the 
stoichiometric ratio of Ca:P is around 1.6667 which is far below the stoichiometrically 
assigned number – 2. 
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3. Materials and Methods 
3.1 Materials 
 
All materials were used as purchased unless stated otherwise. This statement will 
hold true throughout the entire study. All the processing methods will be listed if utilized. 
3.2 Biopolymers 
The biological system studied in this thesis included three different biopolymers: 
gelatin (GBiosciences, St. Luis, MO), Bovine Type I Collagen (Kensey Nash 
Corporation, Exton, PA), and chitin (Sigma-Aldrich, St. Luis, MO). All of the polymers 
were used for experiments as received.  
Each of the biopolymers had to be electrospun, therefore had to be paired with 
appropriate solvent to go into solution. Upon the completion of appropriate weight 
percent calculations for each of the polymers, they were directly mixed with 
corresponding solvents. Gelatin, collagen and chitin go through gelation process to make 
uniform electrospinning solutions with acetic acid and water, and HFIP for the first two 
biopolymers, and the last one respectively.  
The solutions were made as follows: Appropriate amount of gelatin was measured 
and placed into a falcon tube. Then the mixture of 9:1 acetic acid and water was 
measured in a beaker. 80% of mixture were added to the gelatin powder containing 
falxon tube and centrifuged at 2000 RPM using a centrifuge (Sorvall instruments, Miami, 
FL) for 3 to 4 minutes. Afterwards, the rest of the solvent was added to the mixture, 
which was then centrifuged for 2 minutes and placed on a rotary setup overnight. Same 
solution preparation process was followed for the mixtures of collagen with acetic acid 
and water. Each sample was spun 24 hour after its preparation. 
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The samples of chitin and HFIP were prepared in a similar manner as those with 
gelatin and collagen. However, a different solvent was used, and samples were placed on 
a rotary setup for 6 days before electrospinning, in order to allow for enough time for 
chitin to go into a gel like, homogeneous solution.   
3.3 Solvents 
Solvents that were used to dissolve gelatin, collagen, and chitin systems included 
acetic acid (AA) (Sigma-Aldrich, St. Louis, MO), 99+% 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (Oakland Chemicals, West Columbia, SC), and deionized water. 
Deionized water was produced using a Millipore filtration system (Millipore Corporation, 
Burlington, MA). HFIP was used as a single-phase solvent for chitin because it is one of 
organic solvents that form a homogeneous mixture with chitin, which is poorly soluble in 
a number of mixtures [19]. Acetic acid and deionized water solvent system was based on 
volume percent ratio and was mixed thoroughly upon combining using a vortexor (Fisher 
Scientific, Bohemia, NY).  Solvent system used to dissolve gelatin and collagen consisted 
of 9:1 AA:H2O.  
3.4 Solutions 
Polymer solutions were based on weight per volume percent ratios (wt%/v). 
Having had prepared five different solutions, sixteen different samples were examined 
throughout the study. All collagen solutions were 8 wt/v% collagen with 9:1 v/v acetic 
acid and water. In each case about 80% of the solvent was added to the solute and mixed 
thoroughly using vortexor until the solid formed gel –like off white clear mixture. 
Afterwards, it was placed on agitator setup for 12 to 24 hours and used after a 
homogeneous mixture was formed. All gelatin solutions were 8 wt/v% gelatin with 9:1 
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v/v acetic acid and water. In each case about 80% of the solvent was added to the solute 
and mixed thoroughly using vortexor until the solid formed gel –like off white clear 
mixture. Afterwards, it was placed on agitator setup for 12 to 24 hours and used after a 
homogeneous mixture was formed. All chitin solitions were 1.55 wt/v% chitin with 1M 
HFIP as solvent. After the right amount of chitin was measured and placed ina falcon 
tube solvent was added to it and vortexed and placed on agitator setup for six days until 
homogeneous solution was formed. Hydroxyapatite was added to chitin solutions tight 
before electrospining and was mixed into solution using a vortexor. Solids were 
considered completely dissolved when no particulates were seen in the solution. 
3.5 Storage 
All solutions were prepared in 50 mL falcon tubes and continuously agitated on 
Arma-Rotator A-1 (Elmeco, Bethesda, MD) for three to six days before use, depending 
on the type of solution. Post electrospinning all fiber mats were stored in plastic sample 
holders, which were placed in Secador 3.0 desiccator (Scienceware Bel-Art 
Products,Wayne, NJ) prior to sample testing. The dessicator was used to control humidity 
and ambient temperature to minimize the affect on sample properties. 
3.6 Electrospinning 
Electrospinning solutions were loaded into 14.5 mm syringes (Becton Dickinson 
& Co., Franklin Lakes, NJ). A 21-gauge needles and 16-gauge needles (Becton 
Dickinson & Co., Franklin Lakes, NJ) were attached to the tips of the needles when 
electrospinning collagen and gelatin, and chitin, respectively. The syringe was locked in 
an automated pump (Harvard Apparatus, Plymouth Meeting, PA), which was set to a 
specific pump rate. Each solution was electrospun in two setups, random and aligned. For 
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the random setup, aluminum covered 90x90 mm copper plate was attached to a stand 
within the electrospining setup and placed a certain distance away from the needle of the 
syringe.  
Collector plate and the syringe were connected by HVPS (Gamma High Voltage 
Research Inc., Ormond Beach, FL) in each of the instances. The positive electrode of the 
HVPS was connected to the needle and the negative electrode was connected to the 
collector plate. Optimized voltage was applied to both components.  For the aligned setup 
the experiment was run exactly the same was, except, the aluminum covered copper 
collector plate was substituted with aluminum tuning fork. Positive electrode was still 
attached to the needle of the syringe, but negative electrode was attached to the tuning 
fork.  Each of the experiments was run at the ambient conditions with low humidity 
levels to prevent absorbance of water from the air by fibrous mats. Temperature and 
humidity remained around 23˚C and 21% RH. The fibers electrospun onto aluminum 
mats were stored in plastic containers attached to aluminum mats until sample 
preparation. The fibers electrospun onto the tuning fork had to be gently removed and 
stored in the plastic sample holders until sample preparation. Table 1 shows all 
combinations of samples examined throughout this study. 
Solute Solvent Additive Voltage (kV) Distance (cm) 
Pump Rate 
(mL/hr) 
Modificatio
n 
1.55 wt/v% Chitin  HFIP N/A 17 10 1.0 Aligned 
1.55 wt/v% Chitin  HFIP N/A 17 10 1.0 Random 
1.55 wt/v% Chitin HFIP 0.05g HAP 17 10 1.0 Aligned 
1.55 wt/v% Chitin HFIP 0.05g HAP 17 10 1.0 Random 
1.55 wt/v% Chitin HFIP 0.2g HAP 17 10 1.0 Aligned 
1.55 wt/v% Chitin HFIP 0.2g HAP 17 10 1.0 Random 
8.0 wt/v% Collagen 9:1 AA: H2O N/A 12 8 0.1 Aligned 
8.0 wt/v% Collagen 9:1 AA: H2O N/A 12 8 0.1 Random 
8.0 wt/v% Gelatin 9:1 AA: H2O N/A 12 8 0.1 Aligned 
8.0 wt/v% Gelatin 9:1 AA: H2O N/A 12 8 0.1 Random 
 
Table 1. Electrospun Solutions and Parameters 
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3.7 Post - Processing 
Three sets of samples prepared by electrospinning 1.55wt/v% Chitin HFIP 
solution in both aligned and random modes were subject to further processing. One set of 
aligned and random samples was subject to crystallization of 0.02g of hydroxyapatite 
onto its surface from 5mL of ethanol. Crystallization solution was prepared by mixing 
0.02g of HAP with 5mL of ethanol in a falcon tube. Fibrous mats obtained by 
electrospinning, both random and aligned modes, 1.55 wt/v% chitin and HFIP solution 
were placed in respective solutions over top of watch glass stabilized by petri dish. Each 
setup was covered with plastic wrap and placed in the hood for 24 hours until the solvent 
completely evaporated and the sample was dry. The sample was gently removed from the 
watch glass surface and stored in plastic sample holders, which were placed in the 
desiccator. Same procedure was repeated for crystallization of 0.08g HAP 5mL ethanol 
solution and 0.5wt/v% NiCl2 5mL ethanol solutions onto both random and aligned 
fibrous mats of 1.55wt/v% chitin and HFIP. Table 2 shows all combinations of samples 
examined through this study. 
Solute Solvent Crystallization Solution Voltage (kV) Distance (cm) Pump Rate (mL/hr) Modification 
1.55 wt/v% Chitin  HFIP 0.02g HAP 5mL Ethanol 17 10 1 Aligned 
1.55 wt/v% Chitin  HFIP 0.02g HAP 5mL Ethanol 17 10 1 Random 
1.55 wt/v% Chitin HFIP 0.08g HAP 5mL Ethanol 17 10 1 Aligned 
1.55 wt/v% Chitin HFIP 0.08g HAP 5mL Ethanol 17 10 1 Random 
1.55 wt/v% Chitin HFIP 0.5wt/v% NiCl2 5mL Ethanol 17 10 1 Aligned 
1.55 wt/v% Chitin HFIP 0.5wt/v% NiCl2 5mL Ethanol 17 10 1 Random 
 
Table 2. Two Step HAP Post - Processing and NiCl2 Post – Processing 
 
3.8 Fourier Transform Infrared Spectroscopy (FTIR) 
Infrared spectroscopy was performed for all different combinations of fibrous 
samples. Same solutions electrospun in different modes were assumed to have the same 
functional groups. Varian Excalibur FTS-3000 FTIR (Varian, Inc., Palo Alto, CA) 
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infrared spectrometer was used with the attenuated total reflectance module for the range 
of 500 to 4000 cm-1. Each sample was subject to 64 scans at resolution of 4 cm-1. 
3.9 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) was performed using a Zeiss Supra 50/VP 
field emission scanning electron microscope (FESEM) to observe the morphology of all 
Chitin, Collagen and Gelatin samples, spun using both random and aligned setups. The 
fiber diameters (n = 50) were measured manually using the ImageJ (NIH, USA, v1.6.0) 
software. Variations in average fiber diameters were calculated through a p-test 
(differences were considered significant if p < 0.05). Scanning electron microscopy 
images were also used to calculate relative porosity of the fibrous mats. Porosity 
measurements were performed by using contrast function of ImageJ software, which is 
based on calculating porosity based on the number of dark and bright pixels. SEM 
samples were prepared using metal stubs with carbon tape over top which was a 
placeholder for the fibrous samples. Sputter coater was used to add a 5nm thick 
platinum/palladium film. Cressington208 (Ted Pella, Inc., Redding, CA) sputter coater 
was used for 30 seconds at 40mA. 
3.10 Nanogenerator – Piezoelectric Testing 
Nanogenerator testing was used to identify piezoelectric properties of all the 
samples studied in this thesis. They were prepared according to the method established by 
Chang et al. and contained aligned and random electrospun fibers listed in the tables 1 
and 2 [16].  The nanogenerators were made of a flexible plastic substrate with a thickness 
of approximately 0.8 mm, which was donated by TOPAS Advanced Polymers Inc. The 
plastic substrate was covered with ESD tape (Polyonics XT-623 2 mil HardCoatTM) to 
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minimize background noise during piezoelectric measurement testing.  Aluminum 
conductive tape (3M, 6.33mm width) (Ted Pella, Inc. Redding, CA) was placed at the 
two opposite edges of Nano generators, perpendicular to the longitudinal direction of the 
fiber samples. It served as conductive electrodes. Nanogenerators’ dimensions had some 
variability, which was not affecting the data, which was being collected. The average 
dimensions were 25 mm x 15 mm. Nanogenerators were fabricated with dimensions of 
35 mm x 25 mm.   
 Aligned and random electrospun fibers were placed onto nanogenerators for 
testing. Aligned fibers were tested along the length of the fiber. Randomly electrospun 
fibers were peeled off the foil and placed onto the nanogenerators, so that they were 
covering the entire surface of the nanogenerators. The samples were stored in plastic 
sample holders and were placed in a desiccator to monitor humidity and ambient 
temperature prior to testing.  Gelatin fibers, both, random and aligned modifications were 
expected to serve as a negative control to the experiment and not produce any 
piezoelectric response.  
Piezoelectric cantilever was used to sense the piezoelectric response of the 
nanogenerator samples [15-17].  The PEF was fabricated by gluing two piezoelectric lead 
zirconate titanate layers (T105-H4E-602, Piezo Systems) onto both the top and bottom of 
a 32 x 3.5 mm wide stainless steel layer (Alfa Aesar) [2]. The top layer of lead zirconate 
titanate was 22 mm long x 3.5 mm wide, while the bottom layer was 12 mm long x 3.5 
mm wide. A 15 mm-long brass cylinder with a diameter of 1 mm was glued to the tip of 
the cantilever and served as a probe. Axial displacement at the tip of the cantilever was 
generated through voltage application to the top layer of PEF. A laser displacement meter 
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LC-2450, Keynece Corporation) with a resolution of 0.5 µm was used to measure the 
cantilever displacement. A waveform function generator Agilent 33220A (Agilent) 
served as the voltage source. Newport optical table (RS100, Newport Corporation, 
Franklin MA) was used for conduction measurements to minimize background 
vibrations.  
The force and tip displacement generated by an applied voltage were previously 
calculated for both cantilever and PEF [2].  The voltage generated by a given 
displacement was also calculated and validated theoretically in previous publication [18, 
19]. Because the exact maximum force exerted on the nanogenerators containing the 
aligned fibers involves a very small displacement measurement, we have instead 
calculated the maximum force that can be obtained with PEF in air.  The effective spring 
constant of the PEF was measured experimentally and determined to be K =  128.9 ± 2.2 
N/m [20]. The maximum tip displacement of the cantilever (dmax) was 62.5±1.5 µm, and 
thus  Fmax =Kdmax =8 mN.  As a result, the maximum amount of force that could be 
exerted on the nanogenerators is ≤ 8 mN [2].   
Nanogenerator samples were tested on s Newport stabilizer table and were 
connected to the oscilloscope (Agilent Infinitum 1.5GHz, 8GSa/s) through the PEF 
cantilever to collect the data on piezoelectric response of the fibrous mats. The diameter 
of the manufactured piezoelectric cantilever manufactured for previous studies was 0.98± 
0.02 mm. Copper foil with an electrical wire soldered to each piece was molded around 
the two aluminum electrodes and acted as the probe between the fibrous mat and the 
oscilloscope.  A function/arbitrary waveform generator (Agilent 33220A, 20 MHz) was 
used to produce an 8 V peak to peak square wave in order to deform the cantilever at 
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several different frequencies.   The cantilever tip was slowly lowered to the surface of the 
nanogenerator until it made contact with the fibrous mat.  A schematic illustration of this 
setup is shown in Figure 1.  Each nanogenerator was deformed at frequencies of 2 and 3 
Hz with a force of approximately 8 mN. 
3.11 Piezoelectric Force Microscopy 
Piezoelectric Force Microscopy on vertical and horizontal domains was 
performed using Dimension Icon Atomic Force Microscopy (AFM) (Bruker-nano, Santa 
Barbara, CA). The random and aligned fibers, spun using electrospinning process, were 
fixed with silver paint on to platinum coated silicon substrate. Amplitude response of 
these fiber samples were measured at 500 mV drive amplitude and 10-12 KHz drive 
frequency using titanium/platinum coated silicon tip (OSCM-PT-R3, Bruker-nano, Santa 
Barbara, CA), with nominal constant k ~ 2 N/m and resonant frequency f0 ~ 70 KHz.   
3.12 Tensile Testing 
Tensile testing was performed using Tensile Tester (320 Series II, BOSE, Elden 
Prairie, MN). Each of the samples listed in Table 1 was tested for the stress vs. strain 
relationship. Each of the aligned samples was tested in two different directions: along the 
fiber length and perpendicular to fiber length, which affected the sample preparation 
process. Each of the aligned samples, which were tested perpendicular to fiber length, the 
sample dimensions were 30mm x 10mm and 20mm x10mm, and they were placed on 
three-sided square shaped cut out Velcro tape (SCA, Philadelphia, PA). Same sample 
preparation technique was used for randomly aligned samples and aligned mats tested 
along the fiber length. Both 5 N and 50 N loads were used throughout the testing. Upon 
sample preparation they were placed in plastic sample holder containers and stored in the 
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desiccator until transported to the experimental lab. They were transported in a plastic 
hermetic container with desiccant in order to prevent any additional water that could be 
absorbed by the fibrous mats. The ambient conditions at which the testing was performed 
were 21% RH and 23.6˚C.  
The apparatus for tensile testing consists of a cylindrical pressure vessel with 
vertical axis and sealed by closures, which clamp two ends of the sample. Each sample 
had to be placed between the top and bottom clamps, which had be tightened and aligned 
for proper data collection. The applied loads could reach up to 2.4kN [17]. A transducer 
monitors the extension of the sample. The pressure vessel and associated circuit are 
presented in Figure 1. After the sample was placed in the position the experiment would 
start by using data collection software to record data points and stopped upon sample 
breakage. The maximum load displacement was reached when the value displayed -6.5 
cm. The collected data was further analyzed using Microsoft Excel 2011.   
 
Figure 1. Tensile Testing Setup 
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4. Health and Safety 
 
4.1 Solvents 
 
The solvent safety information was collected from the corresponding material 
safety data sheets (MSDS), which were made available by the suppliers. The chemicals 
were handled using appropriate personal protection equipment (PPE), which included 
safety goggles, nitrile gloves and lab coat. The National Fire Protection Agency (NFPA) 
hazard identification ratings range from 0 to 4 with the classifications being health, fire, 
and reactivity hazards, respectively. 
4.2 1,1,1,3,3,3-Hexafluoro-2-propanol 
 
HFIP is a highly volatile liquid. It has a very poignant odor and is colorless and 
clear at the appearance. HFIP may be extremely harmful and can cause severe burns if in 
physical contact with skin or eyes. This solvent can be harmful if inhaled or swallowed 
due to its corrosive properties. The NFPA chemical rankings are as follows: 3,0, and 0. It 
should be rinsed rapidly in case of contact or ingestion. The person should be moved into 
fresh air upon inhalation. A physician or poison control should be notified upon the 
occurrence of an incident.  
4.3 Acetic Acid 
Acetic Acid is a clear colorless liquid with a poignant odor. It is flammable in 
both liquid and gaseous states. Physical contact with skin or eyes can cause severe burns 
and the affected are should be rinsed thoroughly with water. It has to be handled wearing 
appropriate personal protective equipment. The chemical is highly toxic; therefore, upon 
ingestion the mouth has to be rinsed repeatedly with water. Due to the toxicity, inhalation 
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can be harmful to the mucous membranes and upper respiratory track. The person has to 
be taken into fresh air upon inhalation. The NFPA chemical rankings are 3, 2, and 0. A 
physician should be contacted in case of an incident to take an immediate action. 
4.4 Ethanol 
 
Ethanol is a highly volatile liquid. It is colorless and clears and is highly 
flammable. Therefore, it is typically stored in fire safe locations. Sand or alcohol-resistant 
foam has to be used to put out the flame, if the liquid is ignited. Ethanol is not a severe 
skin irritant but should be rinsed off when in physical contact with skin. No severe effects 
observed when in contact with the skin, but should be rinsed off thoroughly. The NFPA 
chemical rankings are 1,3, and 0. Physician or poison control has to be contacted 
immediately upon ingestion. 
4.5 Natural Polymers  
4.5.1 Gelatin 
Gelatin is a granular yellowish powder. It is not severely hazardous, however, presents a 
risk of inhalation, ingestion or physical contact. In case of physical contact with eyes or 
skin it should be thoroughly rinsed off, otherwise, it may cause irritation. In case of 
inhalation the person should be taken into fresh air. A physician should be notified after 
the incident to prevent adverse effects or irritation. The NFPA chemical rankings are 2,0, 
and 0. 
4.5.2 Collagen 
Collagen is a flaky white powder. It is not severely hazardous, however, presents a risk of 
inhalation, ingestion or physical contact. In case of physical contact with eyes or skin it 
should be thoroughly rinsed off, otherwise, it may cause irritation. In case of inhalation 
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the person should be taken into fresh air. A physician should be notified after the incident 
to prevent adverse effects or irritation. The NFPA chemical rankings are 2,0, and 0. 
4.5.3 Chitin 
Chitin is a fine yellowish powder. It is not severely hazardous, however, presents a risk of 
inhalation, ingestion or physical contact. In case of physical contact with eyes or skin it 
should be thoroughly rinsed off, otherwise, it may cause irritation. In case of inhalation 
the person should be taken into fresh air. A physician should be notified after the incident 
to prevent adverse effects or irritation. The NFPA chemical rankings are 2,0, and 0. 
4.6 Solids 
 
4.6.1 Nickel Chloride NiCl2 
 
Nickel chloride is a green powder. It is acutely toxic, and should be prevented from skin 
or eye contact, inhalation or ingestion. In case of contact with eyes or skin should be 
immediately rinsed off. In case of inhalation the person should be taken to fresh air, and 
in case of ingestion the mouth should be rinsed multiple times with fresh water. Poison 
control or a physician should be contacted immediately following the incident. It is a 
possible carcinogen, and may affect fertility of an unborn child. The NFPA chemical 
rankings are 3,2,1. 
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5. Discussion and Results 
5.1	  Piezoresponse	  Nanogenerator	  Testing	  Initially,	  the	  data	  was	  collected	  for	  piezoresponse	  of	  a	  bare	  nanogenerator	  to	  account	   for	   the	   level	   of	   noise	   in	   the	   samples.	   The	   response	   from	   a	   bare	  nanogenerator	   was	   estimated	   as	   4.27E10-­‐3±4.9E10-­‐4	   mV.	   Nanogenerator	   testing	  data	  was	  analyzed	  per	  techniques	  used	  in	  previous	  work	  of	  PVDF-­‐TrFe	  nano-­‐fibrous	  mats	  [2].	  	  
5.1.1	  One	  Step	  HAP	  Addition	  The	   analysis	   of	   aligned	   chitin	   fibrous	   mats	   with	   incremental	   addition	   of	  hydroxyapatite,	   0.1g	   and	   0.4g	   to	   chitin	   HFIP	   solution,	   respectively,	   shows	   a	  significant	  differense.	  The	  piezoresponse	  of	  the	  fibrous	  mats	  with	  a	  large	  amount	  of	  hydroxyapatite,	   the	   fibrous	  mats	  without	  HAP,	   as	  well	   as	   the	   ones	  with	   a	   smaller	  amount	  of	  HAP	  varies	  statistically.	  The	  piezoresponse	  observed	  in	  the	  mats	  with	  0.1g	  HAP	  has	  a	  higher	  average	  strength	  of	  response	  than	  that	  in	  the	  mats	  without	  HAP,	  however,	  statistical	  analysis	  shows	  no	  significant	  difference	  between	  the	   two	  samples.	   	  The	  response	  observed	  for	  the	  aligned	  fibrous	  mats	  electrospun	  with	  addition	  of	  0.4g	  HAP	  to	  the	  solution	  is	  statistically	   different	   from	   the	   two	   samples	   describes	   above	   and	   has	   a	   very	   small	  standard	   deviation.	   The	   trend	   shows	   decreasing	   strength	   in	   piezoresponse	   with	  addition	   of	   a	   large	   amount	   of	   a	   ceramic	   component	   to	   the	   electrospun	   solution	  decreases,	  however,	  addition	  of	  a	   small	  amout	  of	  a	   ceramic	   to	  electrospun	   fibrous	  mats	  does	  not	  have	  a	  significant	  effect	  on	  sample’s	  piezoelectricity	  (Fig.	  2).	  	   
	  	   23	  
 
Figure 2. Chitin HFIP with addition of HAP, Aligned Fibers The	  analysis	  of	  random	  chitin	  fibrous	  mats	  with	  incremental	  addition	  of	  hydroxyapatite,	  0.1g	  and	  0.4g	  to	  chiting	  HFIP	  solution,	  respectively,	  shows	  a	  significant	  differense	  in	  the	  piezoresponse	  of	  the	  fibrous	  mats	  with	  a	  large	  amount	  of	  hydroxyapatite	  from	  the	  ones	  without	  HAP	  entirely	  as	  well	  as	  the	  ones	  with	  a	  smaller	  amount	  of	  HAP.	  The	  piezoresponse	  observed	  in	  the	  fibrous	  mats	  with	  0.1g	  HAP	  has	  the	  highest	  average	  strength	  of	  response	  in	  comparison	  to	  the	  combination	  wihout	  HAP	  entirely	  and	  the	  combination	  with	  0.4g	  of	  HAP.	  	  The	  response	  observed	  for	  the	  random	  fibrous	  mats	  electrospun	  without	  addition	  of	  HAP	  is	  stronger	  than	  that	  in	  the	  combination	  of	  chitin	  with	  0.4g	  of	  HAP	  and	  weaker	  than	  the	  response	  in	  fibrous	  mats	  with	  0.1g	  of	  HAP.	  Statistically	  the	  response	  valuaes	  are	  significantly	  different,	  therefore,	  the	  amount	  of	  added	  ceramic	  has	  an	  affect	  on	  the	  strength	  of	  piezoelectric	  signal	  in	  randomly	  electrospun	  chitin	  HFIP	  fibrous	  mats	  (Fig.3).	   
0	  0.05	  0.1	  
0.15	  0.2	  0.25	  
0.3	  0.35	  0.4	  
0.45	  
Vo
lt
ag
e	  
(V
)	  
One	  Step	  HAP	  Processing	  in	  
Aligned	  Fibers	  
	  	   24	  
 
Figure 3. Chitin HFIP with addition of HAP, Random Fibers 
Comparison of piezoelectric response in aligned vs. random fibrous mats demonstrated a 
significant difference in the strength of the signal dependent on the fiber alignment. 
Chitin HFIP aligned fibrous mats were identified to have ~31.2% stronger piezoelectric 
response than random chitin HFIP fibers. Aligned chitin fibrous mats with 0.1g HAP 
were identified to have ~43% stronger piezoelectric response than random chitin HFIP 
fibrous mats with added 0.1g of HAP. Lastly, aligned chitin fibrous mats with 0.4g HAP 
were identified to have ~40.4% weaker piezoelectric response than random chitin HFIP 
fibrous mats with 0.4g of HAP (Fig. 4). 
0	  0.02	  0.04	  
0.06	  0.08	  0.1	  
0.12	  0.14	  0.16	  
0.18	  
VO
lt
ag
e	  
(V
)	  
One	  Step	  HAP	  Processing	  in	  
Random	  Fibers	  
Series1	  
	  	   25	  
 
Figure 4. Chitin HFIP with addition of HAP, Aligned vs. Random Fibers 
5.1.2	  Two	  Step	  HAP	  Addition	  The	   analysis	   of	   aligned	   chitin	   fibrous	   mats	   with	   incremental	   increase	   of	  hydroxyapatite	   concentration	   in	   ethanol	   solution	   used	   in	   postprocessing	   to	  crystalize	  HAP	  particles	  onoto	  electrospun	  chitin	  HFIP	  fibrous	  mats,	  0.02g	  and	  0.08g	  in	  5mL	  of	  ethanol,	  respectively,	  shows	  a	  significant	  differense	  in	  the	  piezoresponse	  of	   the	   fibrous	  mats	  with	   a	   large	   amount	   of	   hydroxyapatite	   from	   the	   ones	  without	  HAP	  entirely	  as	  well	  as	  the	  ones	  with	  a	  smaller	  amount	  of	  HAP.	  	  The	  piezoresponse	  observed	  in	  the	  fibrous	  mats	  soaked	  in	  0.08g	  HAP	  ethanol	  solution	  have	  the	  higher	  average	  strength	  of	  piezoresponse,	  followed	  by	  the	  fibrous	  mat	   as-­‐spun	  and	   fibrous	  mats	   soaked	   in	  0.02g	  HAP	  ethanol	   solution,	   respectively.	  However,	   statistical	   analysis	   shows	   no	   significant	   difference	   between	   the	   fibrous	  mats	   soaked	   in	   the	  highest	  HAP	  concentration	  and	   the	   samples	   soaked	   in	  a	   lower	  HAP	  concentration	  as	  well	  as	  as-­‐spun	  fibrous	  mats.	  	  The	  response	  observed	  for	  the	  aligned	   fibrous	  mats	   processed	   in	   0.02g	  HAP	   ethanol	   solution	   is	   shown	  not	   to	   be	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statistically	   different	   from	   the	   response	   obtained	   from	   the	   as-­‐spun	   chitin	   HFIP	  aligned	  fibrus	  mats	  (Fig.	  5).	   
 
Figure 5. Chitin HFIP in HAP Ethanol Solution, Aligned Fibers The	   analysis	   of	   random	   chitin	   fibrous	   mats	   with	   incremental	   increase	   of	  hydroxyapatite	   concentration	   in	   ethanol	   solution	   used	   to	   crystalize	   HAP	   particles	  onto	   electrospun	   chitin	   HFIP	   fibrous	   mats,	   0.02g	   and	   0.08g	   in	   5mL	   of	   ethanol,	  respectively,	   shows	   no	   significant	   differense	   in	   the	   piezoresponse	   of	   the	   fibrous	  mats	  with	  a	  large	  amount	  of	  hydroxyapatite	  from	  the	  ones	  without	  HAP	  entirely	  as	  well	   as	   the	   ones	   with	   a	   smaller	   amount	   of	   HAP	   in	   the	   ethanol	   solution.	   The	  piezoresponse	   observed	   in	   the	   as-­‐spun	   fibrous	   mats	   has	   the	   highest	   average	  strength	   of	   piezoresponse,	   followed	   by	   the	   fibrous	   mats	   processed	   in	   0.02g	   and	  0.08g	   HAP	   ethanol	   solutions,	   respectively.	   However,	   statistical	   analysis	   shows	   no	  significant	   difference	   between	   the	   fibrous	  mats	   soaked	   in	   different	   increments	   of	  HAP	  ethanol	  solutions	  and	  as-­‐spun	  random	  chitin	  HFIP	  fibrous	  mats	  (Fig.	  6).	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Figure 6. Chitin HFIP in HAP Ethanol Solution, Random Fibers 
Comparison of piezoelectric response in aligned vs. random fibrous mats did not 
demonstrate a significant statistical difference in the strength of the signal dependent on 
the fiber alignment. Chitin HFIP aligned fibrous mats were identified to have ~31.2% 
stronger piezoelectric response than random chitin HFIP fibrous mats. Aligned chitin 
fibrous mats soaked in 0.02g HAP and 0.08g HAP ethanol solutions demonstrated no 
significant enhancement of piezoelectric response in comparison to chitin HFIP as-spun 
fibrous mats (Fig. 7). No significant statistical difference was noticed between the 
samples immersed in the same concentration solutions with varying fiber alignment.  
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Figure 7. Chitin HFIP in HAP Ethanol Solution, Aligned vs. Random Fibers 
5.1.3	  Nickel	  Chloride	  (NiCl2)	  Post	  Processing	  	  The	   analysis	   of	   aligned	   vs.	   random	   chitin	   fibrous	   mats	   processed	   in	   0.5	  (wt/v%)	   nickel	   chloride	   and	   ethanol	   solution,	   shows	   significant	   variability	   in	   the	  piezoresponse.	  The	  piezoresponse	  of	  the	  randomly	  electrospun	  chitin	  HFIP	  mats	  is	  significantly	  stronger	  than	  the	  response	  from	  the	  aligned	  fibrous	  mats	  soaked	  in	  the	  same	  nickel	  chloride	  solution.	  The	  piezoresponse	   in	  the	  fibrous	  mats,	  both	  aligned	  and	  random,	  enhanced	  with	  nickel	  chloride	  is	  statistically	  proven	  to	  be	  different.	  In	  comparison	   to	   as-­‐spun	   chitin	   HFIP	   mats,	   the	   mats	   enhanced	   with	   NiCl2	   	   have	   a	  significantly	   weaker	   response	   in	   aligned	   configuration,	   but	   stronger	   response	   in	  random	  configuration	  (Fig.	  8).	   	  The	  average	  strength	  of	   the	  piezoresponse	   in	  NiCl2	  enhanced	  aligned	   chitin	  mat	   is	  ~	  70%	  weaker	   than	   the	  average	   strength	  of	   chitin	  HFIP	   aligned	   as-­‐spun	   mat.	   Meanwhile,	   the	   average	   signal	   strength	   of	   the	  piezoresponse	   in	   NiCl2	  enhanced	   random	   chitin	   mat	   is	   ~	   59%	   stronger	   than	   the	  average	  signal	  strength	  of	  chitin	  HFIP	  random	  as-­‐spun	  mat.	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Figure 8. Chitin HFIP in NiCl2 Ethanol Solution, Aligned vs. Random Fibers 
5.1.4 Natural Biopolymer Comparison 
Finally, this study compared the piezoelectric properties of natural biomaterials: 
chitin, collagen and gelatin in both aligned and random modifications. Gelatin, denatured 
collagen, was selected for the study to serve as a negative control to have the weakest 
piezoresponse throughout the study. It was observed that chitin HFIP as-spun fibrous 
mats have much better piezoelectric properties in aligned configuration rather than 
random. However, the same hypothesis does not hold true for the natural biopolymers 
like chitin and gelatin. For both of those materials the piezoelectric properties have higher 
average values in random configurations rather than aligned. In each of the 
aligned/random pairs the difference in piezoresponse is confirmed by the statistical 
analysis. However, aligned chitin and collagen fibrous mats do not seem to have a major 
difference in the strength of piezoresponse (Fig. 9, Table 3). 
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Figure 9. Chitin HFIP, Collagen, Gelatin Aligned vs. Random Fibers 
#	   Samples	  Comparison	   Statistical	  Method	   Piezo-­‐Response	  Significance	  
1	   Chitin	  As-­‐Spun/0.1g	  HAP/0.4g	  HAP	  Aligned	   One	  Way	  ANOVA	   0.015	  
2	   Chitin	  As-­‐Spun/0.1g	  HAP/0.4g	  HAP	  Random	   One	  Way	  ANOVA	   0.003	  
3	   Chitin	  As-­‐Spun/0.02g	  HAP/0.08g	  HAP	  Aligned	   One	  Way	  ANOVA	   0.090	  
4	   Chitin	  As-­‐Spun/0.02g	  HAP/0.08g	  HAP	  Random	   One	  Way	  ANOVA	   0.662	  
5	   Chitin/Collagen/Gelatin	  Aligned	   One	  Way	  ANOVA	   0.157	  
6	   Chitin/Collagen/Gelatin	  Random	   One	  Way	  ANOVA	   0.055	  
7	   Chitin	  As-­‐Spun/NiCl2	  Aligned	   Independent	  Samples	  t-­‐Test	   0.036	  
8	   Chitin	  As-­‐Spun/NiCl2	  Random	   Independent	  Samples	  t-­‐Test	   0.000	  
9	   Chitin	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.025	  
10	   Collagen	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.029	  
11	   Gelatin	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.120	  
12	   Chitin	  0.1g	  HAP	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.328	  
13	   Chitin	  0.4g	  HAP	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.272	  
14	   Chitin	  0.02g	  HAP	  Ethanol	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.318	  
15	   Chitin	  0.08g	  HAP	  Ethanol	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.061	  
16	   Chitin	  NiCl2	  Aligned	  vs.	  Random	   Independent	  Samples	  t-­‐Test	   0.899	  
Table 3. Significance in Piezoresponse Variation 
5.2 Tensile Testing 
Tensile testing was conducted on the samples of two different configurations: 
aligned and random. Four of the sample combinations were tested in aligned mode in two 
different ways: perpendicular to the fiber length and parallel to the fiber length (Fig. 9). 
The arrows in the figure indicate the direction of exerted force. Testing the strength 
properties in perpendicular alignment provides information about the polymer properties, 
which have not been previously advanced through crosslinking. Testing the strength 
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properties in parallel alignment provides information about the fiber – material 
properties. 
                           
                              Figure 10. Perpendicular vs. Parallel Fiber Alignment 
According to the analysis of Young’s modulus of the fibers, the parallel alignment 
does not exhibit better tensile properties. Conversely, the fibrous mats tested 
perpendicularly to the fiber length direction exhibited higher Young’s modulus. The 
difference had overlap region within the standard deviation for the average values, but 
was statistically proven to be significant. The randomly aligned chitin HFIP fibrous mats 
exhibited the least tensile strength and had the lowest average Young’s Modulus values 
in comparison to the aligned fibrous samples (Fig. 11).  
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Figure 11. Chitin HFIP Fibers, Aligned Perpendicular vs. Parallel vs. Random  
5.2.1 One Step HAP Addition 
The same test was performed on chitin HFIP 0.1g HAP aligned electrospun solution, as 
well as solutions of gelatin and collagen with acetic acid and water. In the experiment 
with chitin HFIP and 0.1g HAP, the results showed higher Young’s Modulus in the fibers 
aligned parallel to the fiber length followed by the perpendicularly aligned fibers and 
randomly aligned fibers in the decreasing order of magnitude. However, parallel and 
perpendicular fiber alignment does not represent a significant difference. Meanwhile, 
random alignment is exhibiting much weaker tensile properties in comparison to the 
aligned modification (Fig. 12). 
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Figure 12. Chitin HFIP 0.1g HAP Fibers, Aligned Perpendicular vs. Parallel vs. Random  
In the case with gelatin, perpendicularly aligned fibers exhibited the lowest values 
for the Young’s modulus, which were statistically different from the Young’s Modulus 
values obtained from the fibers tested along the fiber length and randomly aligned fibers. 
The latter two did not vary statistically. Therefore, either configuration has the same 
strength properties (Fig. 13). 
 
Figure 13. Gelatin Fibers, Aligned Perpendicular vs. Parallel vs. Random  
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The fibers electrospun from chitin HFIP solution with addition of 0.1g HAP and 
0.4g HAP exhibited the same trend in the tensile results. For both combinations fibrous 
mats electrospun in aligned configuration had higher average Young’s Modulus values, 
which were statistically different from the average Young’s Modulus values exhibited by 
the fibrous mats electrospun in random configuration (Fig. 14).  
 
Figure 14. Chitin HFIP Fibers (As-Spun, 0.1g HAP, 0.4g HAP) 
When comparing the as-spun chitin HFIP fibers to the fibers electrospun with 
0.1gHAP added, a significant difference in the Young’s modulus of both configurations 
was noticed. In case of the aligned fibers, the as-spun chitin HFIP fibers had a 
significantly higher average Young’s Modulus values than the fibers electrospun with 
added 0.1g HAP. This can relate to the properties of ceramics and additional brittleness 
due to the presence of a ceramic in the fibrous mat’s structure (Fig. 15).  
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Figure 15. Chitin HFIP Fibers (As-Spun, 0.1g HAP), Aligned Perpendicular vs. Random  
Similar response was observed in the fibers electrospun with 0.4g HAP added to 
chitin HFIP solution. The difference in average Young’s modulus values for this set of 
samples versus as-spun chitin HFIP samples was greater that the difference observed in 
the comparison of the samples with additional 0.1g HAP and as-spun chitin HFIP 
samples. This fact may be attributed to the greater amount of ceramic in the fibrous mat’s 
structure, which contributes more to the fiber brittleness (Fig. 16). 	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Figure 16. Tensile Testing Chitin HFIP As-Spun & 0.4g HAP Aligned vs. Random Fibers 
Comparing three sets of samples together (chitin HFIP as-spun, with addition of 
0.1g HAP, and 0.4g HAP) shows a significant difference between as-spun chitin fibers, 
and fibers with addition of HAP. In aligned comparison of fibers tested perpendicularly 
to the fiber length, as-spun chitin values have much higher values of Young’s Modulus in 
comparison with fibers spun with addition of HAP. There is a significant statistical 
difference between the as-spun fibers and ceramic enhanced aligned fibers. Therefore, we 
can relate this phenomenon to the brittleness of the ceramic compounds and its effect on 
elasticity of fibrous mats.  
When comparing randomly aligned fibers, we see a steady decrease in the value 
of Young’s modulus with addition of increasing concentration of HAP. This can also be 
correlated to the brittleness of a ceramic, and the fact of alignment contributing to a more 
major effect on the tensile properties with an increasing concentration of a ceramic 
component (Fig. 14).  
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The stress strain curves for the tensile experiment are demonstrated in the figures 
below. The best curves were obtained for aligned and random as-spun chitin fibers and 
for one step HAP addition aligned fibers. The other curves need more in – depth analysis 
for the future presentation. 
  
Figure 17. A) Chitin HFIP Aligned Stress Strain Curve 
                                   
      Figure 17. B) Chitin HFIP Random Stress Strain Curve 
   
Figure 17. C) Chitin HFIP 0.1g HAP Aligned Stress Strain Curve 
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Figure 17. D) Chitin HFIP 0.4g HAP Aligned Stress Strain Curve 
5.2.2 Natural Biopolymer Comparison 
 The following Figure 18 demonstrates the comparison of Young’s modulus values 
for the set of natural biopolymer compounds. According to the collected data, aligned 
chitin fibers have the highest Young’s modulus among all other tested biopolymers in 
both aligned and random configurations. 
 
Figure 18. Tensile Comparison of Natural Biopolymers 
5.3 Scanning Electron Microscopy Testing 
Scanning Electron Microscopy was used to obtain topographic information on the 
fibers: structure, topography and fiber diameters.    
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a)  b)  
Figure19. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers, b) Random Fibers 
a)  
b)  
Figure 20. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers Diameter Distribution,  
b) Random Fibers Diameter Distribution 
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a)	   	  b)	   	  
Figure 21. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers 0.1g HAP, b) Random Fibers 0.1g HAP 
a)	   	  	  
b)	   	  
Figure 22. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers 0.1g HAP Diameter Distribution,  
b) Random Fibers 0.1g HAP Diameter Distribution 
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a)  b)  
Figure 23. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers 0.4g HAP, b) Random Fibers 
0.4g HAP 
 
a)  
b)  
Figure 24. 1.55 (wt/v)% Chitin HFIP a) Aligned Fibers 0.4g HAP Diameter Distribution,  
b) Random Fibers 0.4g HAP Diameter Distribution 
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a)  b)  
Figure 25. 1.55 (wt/v)% Chitin HFIP Low Concentration Two Step HAP Post – Processing 
a) Aligned Fibers, b) Random Fibers  
a)  
b)  
Figure 26. 1.55 (wt/v)% Chitin HFIP Low Concentration Two Step HAP Post – Processing 
 a) Aligned Fibers, b) Random Fibers  
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a)  b)  
Figure 27. 1.55 (wt/v)% Chitin HFIP High Concentration Two Step HAP Post Processing 
a) Aligned Fibers, b) Random Fibers  
a)  
b)  
Figure 28. 1.55 (wt/v)% Chitin HFIP High Concentration Two Step HAP Post Processing 
a) Aligned Fibers, b) Random Fibers  
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a)  b)  
Figure 29. 8.00 (wt/v)% Collagen 9:1 AA:H2O a) Aligned Fibers, b) Random Fibers 
a)  
b)  
Figure 30. 8.00 (wt/v)% Collagen 9:1 AA:H2O a) Aligned Fibers, b) Random Fibers  
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a)  b)  
Figure 31. 8.00 (wt/v)% Gelatin 9:1 AA:H2O a) Aligned Fibers, b) Random Fibers 
a)  
b)  
Figure 32. 8.00 (wt/v)% Gelatin 9:1 AA:H2O a) Aligned Fibers, b) Random Fibers  
The SEM (Scanning Electron Microscopy) images were used to calculate average 
values for fiber diameters (Fig. 18 - 31) in different configurations as well as sample 
porosity, which have correlation to sample density and diameter distribution.  
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Figure 33 a. Fiber Diameters Chitin HFIP As-Spun, 0.1g HAP & 0.4g HAP Aligned vs. Random 
Fibers 
 
Figure 33 b. Fiber Diameters Chitin, Collagen, Gelatin Aligned vs. Random Fibers 
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Figure 33 c. Fiber Diameters Chitin HFIP As-Spun, 0.02g HAP & 0.08g HAP Aligned vs. 
Random Fibers 
 
Figure 33 d. Fiber Diameters Chitin HFIP 0.5(wt/v)% NiCl2 Aligned vs. Random Fibers 
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were found to be piezoelectric when tested using the PFM function of a Bruker AFM (Bruker, 
Camarillo, CA). This experiment was previously conducted by S. Kalinin using a similar 
substrate for the sample base, which was also a confirmation of the observed phenomenon. 
According to the values obtained based on a single fiber response, the fibrous mats exhibit a 
weaker piezoelectric response than a single fiber. This may be attributed to geometry and the total 
surface area, which can accommodate for more current passing through a single fiber, which 
reduces the amount of current lost due to the noise and energy transfer. 
 
Figure 34 a. PFM on Chitin Aligned Fiber 
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Figure 34 b. PFM on Chitin Aligned Fiber 
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5.5 Fourier Transform Spectroscopy (FTIR)
 
Figure 35. Chitin and HAP enhanced Chitin FTIR 
 The FTIR data shows consistency in fibrous chitin mats independent of post – 
processing techniques used. Therefore, we can assume that all the mats are chemically stable. 
In the case of two step HAP post – processing with low HAP concentration we can see a 
significant ethanol peak on the diagram. This peak may be associated with the residual 
amounts of ethanol present after post – processing was completed.  
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6. Conclusion 
 According to the collected piezoelectric data, the strongest piezoelectric signal 
was produced in one step HAP enhanced fibers. This can be explained by the presence of 
small amounts of ceramic, which served as a signal enhancer and crosslinker to the chitin 
polymer. Ceramic crystalline structure can create a more direct pathway for electric 
signal transition. The second place for signal strength was assigned to pure chitin fibers 
spun out of chitin HFIP solution. Both configurations had a stronger response in aligned 
configuration rather than random. The reason for a weaker signal observed in step one 
HAP enhanced chitin fibers with higher ceramic concentration can be explained by the 
presence of excessive defects. The data also shows that two step HAP addition, as well as 
post processing using nickel chloride, didn’t have a significant effect on piezoelectric 
fiber properties. However, the comparison of natural biopolymers illustrated a significant 
difference in the strength of piezoelectric effect in collagen and chitin in aligned vs. 
random configurations. Surprisingly, collagen exhibits a stronger piezoelectric response 
in random configuration, while chitin exhibits a stronger piezoelectric response in aligned 
configuration. This may be attributed to the processing, material structure and fiber 
diameter. According to the collected data, collagen fibrils have much larger fiber 
diameters in randomly configured fibrous mats rather than in aligned mats. Meanwhile, 
chitin fibers have similar diameter sizes in both configurations.  
            Tensile comparison has proven the effect of alignment on the strength of the 
overall fibrous mat. Perpendicularly aligned fibers, which demonstrate the Young’s 
modulus of fiber entanglement, were observed to have higher tensile strength than 
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randomly aligned fibers. Moreover, pure chitin fibers exhibited better tensile properties 
than fibers post processed with HAP. This is the result of defects introduced by HAP 
addition, which disrupts the fiber structure when added to electrospinning solution. 
            The analysis of aligned fibers tensile tested along the fiber length and along the 
fiber width (fiber to fiber bonding) demonstrated higher tensile strength in 
perpendicularly aligned pure chitin fibers. However, in parallel configuration the polymer 
strength was higher in fibers enhanced with 0.1g HAP. This also may be explained by the 
higher ordering of the fibers with the addition of ceramic, possible phosphate 
crosslinking with chitin, and enhancement of fibrous structure due to its presence [18].  
            The results of the AFM study were able to support the statement of aligned chitin 
fibers being piezoelectric. The PFM results for aligned chitin fibers were comparable to 
the nanogenerator testing results.  
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7. Future Work 
 The study of mechanical properties of the fibrous mats and correlating the 
strength of their piezoelectric effect has shed light onto the connection between the 
mechanical strength and the piezoelectric response. In the future work, it will be 
important to study fiber porosity more closely using picnometer, and also conduct in 
depth studies on the Young’s modulus values of a wider range of samples to have a better 
understanding of the connection between fiber content and properties. Moreover, tensile 
study for collagen mats will be conducted in the nearest future along with an XRD study 
for the presence of crystalline structure in aligned and random chitin fibers as well as 
aligned one step post processed HAP fibers with low concentration of HAP [19]. 
 The future work will also encompass the fiber alignment properties for aligned vs. 
random mats. The study will calculate the percent alignment of fibers, comparing one 
step, two step and as-spun chitin fibers. It will also study percent alignment in natural 
biopolymer fibers electrospun from collagen, gelatin and chitin solutions. 
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